This study was conducted to improve the fatigue strength of Ti6Al4V alloy by hybrid surface treatment composed of plasma nitriding and fine-particle bombarding (FPB). Plasma nitriding to form a hardened layer was performed at relatively low temperature to suppress the growth of the microstructure of the substrate as far as possible. Subsequent FPB eliminated the outermost brittle compound layer leading to a reduction in fatigue strength, and also introduced compressive residual stress at the same time. Hybrid surface treatment formed a hardened layer that can improve wear resistance without marked deterioration of the mechanical properties. Since the formed layer possessed high compressive residual stress and relatively high hardness, initiation of fatigue cracks from the surface was strongly suppressed and the crack initiation site was located in the substrate under the formed layer. As a result, the fatigue strength improved by 47% and the fatigue ratio (fatigue strength/tensile strength) reached a very high level of 91%.
Introduction
Although titanium possesses high specific strength and excellent corrosion resistance, it has an inherent problem concerning poor wear resistance. This problem can be overcome by using surface hardening treatments. For example, nitriding improves the wear resistance of titanium by formation of a hardened layer; 17) however, conventional nitriding at high temperature usually reduces its fatigue strength, as reported by many studies. 712) According to our studies, the reduction in the fatigue strength of titanium by nitriding mainly resulted from growth of the microstructure and generation of a brittle compound layer.
1114) Based on this result, the effect of hybrid surface treatment composed of plasma treatments and fine-particle bombarding (FPB) was examined in previous studies, 1518) using Ti6Al4V alloy, which is one of the most typical ¡+¢ titanium alloys. 19) In the above hybrid surface treatment, plasma carburizing and nitriding formed hardened layers with no significant growth of the microstructure. Subsequent FPB eliminated the brittle compound layer and introduced compressive residual stress. As a result, the hybrid surface treatment formed hardened layers that can improve wear resistance, and also increased the fatigue strength of Ti6Al4V alloy without marked deterioration of the mechanical properties.
The results of previous studies suggested the high potential of hybrid surface treatment to improve the fatigue strength of titanium. Based on this suggestion, this study was conducted to markedly improve the fatigue strength of Ti6Al4V alloy by hybrid surface treatment. Plasma nitriding to form a hardened layer was performed at relatively low temperature (1023 K) to suppress growth of the microstructure. Although the hardened layer becomes thin under this treatment condition, it was expected that subsequent FPB could introduce high compressive residual stress because plastic deformation near the surface easily occurs. For FPB, the same two conditions as used in previous studies 1518) were selected to ease comparison with the data obtained.
In this study, four materials (untreated material, plasmanitrided material and two hybrid surface-treated materials) were prepared. The characteristics of the formed surface layers were investigated by optical observation of the microstructures, hardness measurements, X-ray diffraction and X-ray residual stress measurement. Tensile and fatigue tests were conducted at room temperature in air and their fracture surfaces were observed by scanning electron microscopy (SEM). Table 1 shows the chemical composition of the Ti6Al4V alloy used in this study. This material, with a diameter of 14 mm, was machined to the three specimen shapes shown in Fig. 1 . Their test sections were firstly polished with emery papers. Then, the test sections of the button specimens were polished by alumina powders to mirror surfaces. The test sections of the tensile specimens and fatigue specimens were finished by electro-polishing to mirror surfaces, using a mixture of acetic anhydride and perchloric acid. Figure 2 illustrates the hybrid surface treatment process. Plasma nitriding was performed at 1023 K for 14.4 ks (4 h). FPB was carried out on the plasma-nitridied material under the two treatment conditions shown in Table 2 . For comparison, untreated material was also prepared.
Materials and Experimental Procedures

Treatment conditions
Under the two treatment conditions of FPB, FPB1 was conducted to eliminate the compound layer, using squarish SiC particles. FPB2 was composed of the three following steps: after elimination of the compound layer by FPB1, compressive residual stress was introduced by high-speed steel particles with high hardness, and finally the surface roughness was reduced by alumina particles.
The treatment time of each FPB was 10 s for the button specimens and 30 s for the tensile and fatigue specimens rotating around the specimen axes at 0.1 Hz (6 rpm). The treatment time was selected to apply the same total kinetic energy per area to the surfaces of specimens of different shapes, based on the calculation result obtained in a previous report. 20) Hereafter, the untreated and plasma-nitrided materials are called "Non" and "PN1023" materials, respectively. The two hybrid surface-treated materials are called "PN1023/FPB1" and "PN1023/FPB2" materials, respectively.
Experimental procedures
The button specimens were used for the observation of the microstructures, hardness measurements and X-ray diffraction. The microstructures near the surfaces were optically observed on cross-sections polished to mirror surfaces and etched by Kroll's etchant (water-diluted mixture of hydrofluoric acid and nitric acid).
For hardness measurements, a micro-Vickers hardness tester was used. The surface hardness of each material was obtained as the average value of five data. For hybrid surfacetreated materials (PN1023/FPB1 and PN1023/FPB2 materials), the test sections were slightly rough, so five appropriate square indentations were selected from many indentations. The hardness distributions were obtained from the crosssections polished to mirror surfaces. The hardness measurement was carried out five times at each position and the average was used as data.
X-ray diffraction was conducted on the test sections under the following conditions: X-ray tube: Cu (K¡ ray), scanning speed: 0.02 deg./s, scanning step: 0.01 deg. X-ray residual stress measurement was performed on the test sections of the Table 2 )
Elimination of compound layer (c) FPB2 (see Table 2 ) fatigue specimens in the axial direction. The measurement conditions were as follows: X-ray tube: Cu (K¡ ray), diffraction angle: 2ª = 148.4 degs., diffraction plane: (302), ¼ angel: ¼ = 10, 20, 30, 35, 40 degs., oscillation: «3 degs., stress constant: K = ¹211.8 MPa. In addition, the center of gravity method was used for peak search. The tensile test was conducted in air at room temperature for three specimens of each material, based on JIS Z 2241, and the average values were used as data. The side surfaces near the fractured positions and tensile fracture surfaces were observed by SEM. The plane-bending fatigue test was performed in air at room temperature. The cyclic speed was 33 Hz and stress ratio was R = ¹1. Fatigue crack initiation sites were observed on the fracture surfaces by SEM. Figure 3 shows the microstructures observed near the surfaces and Fig. 4 shows the results of X-ray diffraction. Figure 5 shows the hardness distributions measured on the cross-sections from the surfaces to the inside. In this figure, the dashed line shows the hardness of Non material. Table 3 shows the mechanical properties together with ¡ grain size of the substrates and thickness of the hardened layers. In addition, the mechanical properties shown in this table are referred to later.
Results and Discussion
Characteristics of formed layers
As understood from Fig. 3 and Table 3 , although plasma nitriding slightly grew the microstructure of the substrate, the degree of growth was small. Since the influence of FPB was limited to the region very near the surface, the microstructures of the hybrid surface-treated materials (PN1023/FPB1 and PN1023/FPB2 materials) were the same with that of PN1023 material.
Nitriding usually generates a compound layer composed of TiN and Ti 2 N on the outermost surface. 21, 22) In this study, plasma nitriding was performed at a relatively low temperature, so that the compound layer was very thin and its existence was not sufficiently distinguished in Fig. 3 ; however, the peaks of TiN and Ti 2 N were found in the Xray diffraction profile of PN1023 material (Fig. 4) . From this data, the existence of the compounds was confirmed.
As understood from the X-ray diffraction profiles of PN1023/FPB1 and PN1023/FPB2 materials, the peaks of TiN and Ti 2 N disappeared after FPB1 and FPB2. This meant that FPB1 completely eliminated the compound layer generated on the surface of PN1023 material. Also, FPB1 and FPB2 markedly broadened the peaks of ¡ phase. Some studies reported that FPB induced severe plastic deformation on the surface and nano-crystallized surface microstructures of metals including titanium by dynamic recrystallization. 20 ,2326) From these references, it was thought that the above broadening of the peaks was caused by severe plastic deformation or significant miniaturization in the microstructures very near the surface due to FPB.
As shown in Fig. 5 , plasma nitriding formed a hardened layer due to diffusion of nitrogen. In PN1023 material, the thickness of the hardened layer was 70 µm. Since FPB affects the region only near the surface, the hardness distributions of PN1023/FPB1 and PN1023/FPB2 materials beneath a depth of 10 µm were the same as that of PN1023 material.
Mechanical properties
The mechanical properties of each material are shown in Table 3 . Figure 6 shows the observation results of the side surfaces near the fractured positions and tensile fracture surfaces.
As mentioned in the previous section, the microstructures of all materials were almost the same. Also, Young's modulus and the static strength of PN1023 and the hybrid surfacetreated materials depended on the properties of the substrates since the thickness of the formed hardened layers (70 µm) was much smaller than the diameters of the tensile specimens (6 mm). In consequence, there was no marked difference in Young's modulus and static strengths in all materials (Table 3) .
In PN1023 and the hybrid surface-treated materials (PN1023/FPB1 and PN1023/FPB2 materials), the formed layers could not follow the large plastic deformation of the substrates and fractured during the tensile test, as shown in Fig. 6 ; however, such fractures did not deeply propagate to the inside, so the fracture surfaces observed near the center of the specimens showed a ductile feature possessing dimples. Corresponding to the fracture features, elongation was almost the same in all materials, although the fracture of the formed layers slightly decreased the reduction in area. Figure 7 shows the S-N curves of all materials. Figure 8 shows the features of the fatigue fracture surfaces observed near the initiation sites of cracks. To ease comparison, Table 4 shows the fatigue strength of each material together with the related data, such as the surface hardness, residual stress and the fatigue ratio (fatigue strength/tensile strength).
Fatigue strength
Conventional nitriding for titanium is often performed at high temperature to increase the thickness of a hardened layer during a relatively short treatment time because the diffusion rate of nitrogen in titanium is low. Since there is a Hall-Petch relationship between the fatigue strength of nitrided titanium and the grain size of the substrate, significant growth of the microstructure during nitriding at high temperature deteriorates the fatigue strength, as reported previously.
11)
On the other hand, the fatigue strength of the PN1023 material (open circle) was slightly higher than that of Non material (solid circle), as shown in Fig. 7 . This result showed the potential to improve the fatigue strength of titanium by nitriding if a relatively low treatment temperature was selected to suppress the growth of the microstructure in the substrate.
Nevertheless, the existence of the compound layer seemed undesirable. As shown in Fig. 8 , the fatigue crack of Non material was initiated from a point on the surface and it gradually propagated in a radial pattern to the inside. On the other hand, the fracture surface of PN1023 material revealed that a crack rapidly propagated along the surface (compound layer) and then propagated to the inside. The difference in fatigue crack propagation was reflected in the fatigue life; namely, the fatigue life of PN1023 material was shorter than that of Non material at stress amplitude beyond the fatigue strength (Fig. 7) .
FPB1 for PN1023 material was conducted to clarify the effect of elimination of the compound layer without introducing high compressive residual stress. As shown in Table 4 , the compressive residual stress was actually low in PN1023/FPB1.
Although FPB1 decreased the surface hardness of PN1023 material by the elimination of the compound layer (Table 4) , it was effective for improving the fatigue strength of PN1023 material as well as the fatigue life. This improvement can be understood if comparing the S-N curves of PN1023 material (open circle) and PN1023/FPB1 material (open triangle) in Fig. 7 . The obtained result meant that fatigue crack initiation from the surface was suppressed by the hardened layer which appeared through elimination of the compound layer.
However, the crack initiation site of PN1023/FPB1 material was located at the surface, as shown in Fig. 8 . This suggested that stronger suppression of fatigue crack initiation from the surface can further improve fatigue strength. The above suggestion was confirmed by FPB2 for PN1023 material as follows.
FPB2 for PN1023 material aimed to eliminate the compound layer, introduce high compressive residual stress and reduce surface roughness as far as possible. As shown in Table 4 , FPB2 introduced high compressive residual stress and increased surface hardness. In consequence, the formed layer greatly improved fatigue strength by 47% (open square in Fig. 7 ) and the fatigue ratio reached a very high level of 91%, as shown in Table 4 .
Corresponding to the above improvement, the fatigue crack initiation site was located under the formed layer and revealed a "fish-eye-like" feature, as shown in Fig. 8 , when stress amplitude was near the fatigue strength (dashed mark in Fig. 7 ). In addition, no non-metallic inclusion was found in the fish-eye-like region. This internal fracture showed that the achieved fatigue strength was the maximum without increasing the fatigue strength of the substrate.
It was reported by N. Tsuji, et al. that the fatigue strength of the Ti6Al4V alloy was improved by 26% through the combination of plasma carburizing and deep rolling. 27) In our previous studies, fatigue strength was increased by 30% by hybrid surface treatment composed of plasma carburizing (1023 K, 14.4 ks) and FPB2, 16) and increased by 16% by hybrid surface treatment composed of plasma nitriding (1123 K, 14.4 ks) and FPB2. 18) Moreover, a much higher improvement rate (47%) was achieved by hybrid surface treatment composed of plasma nitriding (1023 K, 14.4 ks) and FPB2 investigated in this study.
Conclusions
(1) Plasma nitriding formed a hardened layer with a thickness of 70 µm. Since this treatment was performed at a relatively low temperature (1023 K, 14.4 ks), no marked growth of the microstructure occurred in the substrate.
(2) Fine-particle bombarding (FPB) by SiC particles completely eliminated the outermost brittle compound layer generated by plasma nitriding. Subsequent FPB by highspeed steel particles introduced high compressive residual stress. The above FPBs did not influence the hardness distribution formed by plasma nitriding beneath the depth of 10 µm.
(3) Plasma nitriding and hybrid surface treatment did not affect the mechanical properties because the formed layers were thin and no marked growth of the microstructure occurred by the treatments.
(4) The fatigue strength of plasma-nitrided material was improved by elimination of the compound layer. Since the introduction of high compressive residual stress by subsequent FPB using high-speed steel particles was effective to suppress fatigue crack initiation from the surface, the crack initiation site was located under the formed layer. In consequence, fatigue strength was greatly improved by 47% and the fatigue ratio reached a very high level of 91%.
